Proteus mirabilis are associated with severe pathology in the bladder and kidney. To investigate the roles of two established cytotoxins, the HpmA hemolysin, a secreted cytotoxin, and proteus toxic agglutinin (Pta), a surface-associated cytotoxin, mutant analysis was used in conjunction with a mouse model of ascending UTI. Inactivation of pta, but not inactivation of hpmA, resulted in significant decreases in the bacterial loads of the mutant in kidneys (P < 0.01) and spleens (P < 0.05) compared to the bacterial loads of the wild type; the 50% infective dose (ID 50 ) of an isogenic pta mutant or hpmA pta double mutant was 100-fold higher (5 ؋ 10 8 CFU) than the ID 50 of parent strain HI4320 (5 ؋ 10 6 CFU). Colonization by the parent strain caused severe cystitis and interstitial nephritis as determined by histopathological examination. Mice infected with the same bacterial load of the hpmA pta double mutant showed significantly reduced pathology (P < 0.01), suggesting that the additive effect of these two cytotoxins is critical during Proteus infection. Since Pta is surface associated and important for the persistence of P. mirabilis in the host, it was selected as a vaccine candidate. Mice intranasally vaccinated with a site-directed (indicated by an asterisk) (S366A) mutant purified intact toxin (Pta*) or the passenger domain Pta-␣*, each independently conjugated with cholera toxin (CT), had significantly lower bacterial counts in their kidneys (P ‫؍‬ 0.001) and spleens (P ‫؍‬ 0.002) than mice that received CT alone. The serum immunoglobulin G levels correlated with protection (P ‫؍‬ 0.03). This is the first report describing the in vivo cytotoxicity and antigenicity of an autotransporter in P. mirabilis and its use in vaccine development.
Proteus mirabilis, an etiological agent of complicated urinary tract infections (UTI) in humans, infects individuals with longterm catheterization, elderly residents in nursing homes, or individuals with postoperative wounds (35, 36) . The consequences of UTI due to P. mirabilis may include catheter obstruction due to stone formation, urolithiasis, cystitis, pyelonephritis, and bacteremia (23, 26) . Stone formation, resulting from urease-mediated urea hydrolysis in the urinary tract, causes severe tissue necrosis and inflammation at the site of infection (8, 11) . In addition, it may also render the pathogen inaccessible to antibiotics, making infections difficult to treat. Thus, investigation of two important aspects of Proteus biology is warranted. First, identifying bacterial factors that cause cellular damage in the host would allow the possibility of antiserum-based neutralization. Second, identification of candidate antigens could lead to the development of effective vaccines against P. mirabilis. Although MR/P fimbriae and flagella are immunogenic and aid in the persistence of this pathogen in the host (3), their phase variation and antigenic variation may require that they be used in conjunction with other antigens (25, 40) .
Apart from urease, hemolysin (HpmA) is the only other protein previously identified as a cytotoxin in P. mirabilis. This pore-forming secreted cytotoxin is produced by P. mirabilis during the mid-exponential or late exponential phase of growth (4, 13, 14, 39) . Hemolysin, which is induced during swarmer cell differentiation of P. mirabilis and during infection (2, 6) , lyses nucleated cells and erythrocytes (32, 33) ; however, its precise contribution to virulence has not been elucidated.
Recently, we discovered a novel bifunctional autotransporter (AT), proteus toxic agglutinin (Pta), in P. mirabilis HI4320 (1) . Pta is a surface-associated, calcium-dependent, alkaline protease that exhibits time-and dose-dependent cytotoxicity with cultured epithelial cells. P. mirabilis cytotoxicity was significantly reduced in an isogenic pta mutant in vitro, and the mutant strain was also significantly outcompeted by the wild-type strain during cochallenge in a mouse model of Proteus UTI (1) . In an unrelated study, our laboratory identified Pta independently as one of the immunogenic outer membrane proteins of P. mirabilis and demonstrated that Pta is expressed in vivo (27) . Protease-like ATs, such as Sat in pathogenic Escherichia coli (34) or VacA in Helicobacter pylori (5) , are known to elicit cytotoxic effects in vivo. Although the contribution of Pta to the pathogenesis of cystitis and pyelonephritis remains to be determined, in vitro studies (1) have provided a strong rationale to test the cytotoxicity and antigenic properties of Pta in vivo.
In this study, we compared the levels of inflammation and histopathology in the bladders and kidneys of mice infected independently with the parent strain HI4320, an isogenic pta mutant, or an hpmA mutant. We also studied the effect of an hpmA pta double mutant on the cytotoxicity of P. mirabilis both in vitro using cultured bladder epithelial cells and in vivo using a mouse model of ascending UTI. We tested the efficacy of Pta as a vaccine candidate by intranasally immunizing mice with purified Pta or with purified Pta-␣ (the Pta passenger domain alone) and individually testing the abilities of these preparations to protect against subsequent Proteus infection. We demonstrated that anti-Pta sera, obtained from immunized mice, neutralized the protease activity of Pta in vitro. To our knowledge, this is the first study in which the contribution of HpmA and Pta to the pathogenesis of P. mirabilis was systematically evaluated and the use of an AT in P. mirabilis as a vaccine candidate antigen was tested.
MATERIALS AND METHODS
All animal studies were performed with 6-to 8-week-old female CBA/J mice obtained from Harlan Sprague-Dawley, Indianapolis, IN. Anesthetized mice were transurethrally inoculated with 50 l of washed P. mirabilis suspended in phosphate-buffered saline (PBS) (pH 7.2). The protocols used to perform mouse model infection studies were approved by the University of Michigan's University Committee on Use and Care of Animals (approval 08999) and have been described previously (18) .
Bacterial strains and construction of mutants. All cloning experiments were performed using Escherichia coli Top10. P. mirabilis HI4320, a human urinary tract isolate that is urease positive, hemolytic, motile, and fimbriated, was used as the parent strain in this study. An isogenic Pta (pta) mutant obtained by insertional inactivation of the gene using a TargeTron mutagenesis kit obtained from Sigma-Aldrich (catalog no. TA0010) as described previously (1) was used. A hemolysin (hpmA⍀kan) mutant was also constructed using a similar approach. Primers HpmIBS (AAAAAAGCTTATAATTATCCTTACCCTCCACAACAG TGCGCCCAGATAGGGTG), HpmEBS2 (TGAACGCAAGTTTCTAATTTC GGTTGAGGGTCGATAGAGGAAGTGTCT), and HpmEBS1d (CAGATTG TACAAATGTGGTGATAACAGATAAGTCACAACACCTAACTTACCTT TCTTTGT) were designed according to the vendor's instructions. The group II intron template provided with the kit was retargeted by inserting hpmA-specific sequences by overlapping PCR using the protocol recommended by the vendor. The PCR product was cloned into the BsrGI and HindIII sites of vector pACD4K-C-loxP, which contains lox sequences flanking the kanamycin cassette. The resulting plasmid, pSAP2044, was transformed into electrocompetent P. mirabilis HI4320 carrying the T7 helper plasmid pAR1219 for insertional inactivation of hpmA. The resulting hpmA⍀kan strain of P. mirabilis was designated ALM2012. Inactivation of hpmA was confirmed by observing the 2.4-kb increase in the size of the gene due to insertion of the kanamycin cassette (1.4 kb) and the adjoining intron (1.0 kb) ( Fig. 1A and B) . The mutant was then passaged in Luria broth several times to cure plasmid pAR1219; loss of the plasmid was confirmed by the ampicillin sensitivity of the hpmA⍀kan strain. An hpmA pta double mutant was generated in two steps. First, the kanamycin cassette was excised from the hpmA⍀kan strain by transforming the mutant with plasmid pQL123 (Amp r ), which expresses Cre protein under an isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible promoter. Excision of the kanamycin cassette due to Cre loxP-based recombination was confirmed by PCR using primers HpmF (ATGA AATCAAAAAACTTTAAACTTTCACCC) and HpmR (TAATAGCAACGG TAATATCACTGCC), designed to amplify 3.0 kb toward the 5Ј end of the hpmA gene, after which the hpmA strain was inactivated only by a 1.0-kb intron. The resulting hpmA⍀intron strain was designated ALM2012B (Fig. 1A and B) . We confirmed that the gene was inactivated in both cases by performing reverse transcription (RT)-PCR using primers HpmAF and HpmAR. The mutant strain was passaged in plain Luria broth several times to cure plasmid pQL123. The electrocompetent hpmA strain (Kan s and Amp s ) was again transformed with T7 helper plasmid pAR1219 (ALM2012C) and subsequently transformed with plasmid pSAP2037 (plasmid pACD4K-C carrying group II intron retargeted to inactivate pta) (1) . Inactivation of pta in the hpmA strain was confirmed by performing RT-PCR using primers PtaINTF (GGTTATATTCAAATTTACCT AGCAA) and PtaINTR (TTCAGAAGTTGGACAATTAGGTAAT), which amplified the 2.2-kb fragment toward the 5Ј end of the pta gene (Fig. 1C) , and by performing immunoblotting using rabbit polyclonal anti-Pta serum as described previously (1) . The hpmA pta (Kan r ) double mutant was designated ALM2014.
Cytotoxicity assays. The cytotoxicity of P. mirabilis HI4320 and each single and double mutant for human bladder epithelial cells was estimated by the lactate dehydrogenase (LDH) release method as described previously (1) . Briefly, each P. mirabilis strain was cultured in LB (pH 8.5) to mid-exponential phase, and each washed suspension of bacteria in PBS (pH 7.5) was laid over a monolayer of human bladder epithelial cells (UMUC-3) at a multiplicity of infection of approximately 100:1. After 4 h of incubation at 37°C, the amount of LDH in the supernatant was estimated using a CytoTox membrane integrity assay kit (product no. G7890; Promega, Madison, WI) according to the vendor's instructions. Treatment of epithelial cells with 2% (wt/vol) Triton X-100 and treatment of epithelial cells with LB alone were used as positive and negative controls, respectively. The level of bladder cell lysis was expressed as a percentage of the maximal epithelial cell lysis obtained by Triton X-100 treatment.
Determination of ID 50 . P. mirabilis parent strain HI4320 and each Proteus construct were cultured in LB broth overnight, harvested, washed in PBS (pH 7.2), and resuspended in PBS. The bacterial cell density was adjusted to obtain the desired inoculum. Six-to eight-week-old female CBA mice (nine mice/ ) on LB agar, followed by enumeration of the CFU. One week after infection, mice were sacrificed, and bladder, kidney, and spleen tissue homogenates were plated on LB agar for enumeration of the CFU. The 50% infective doses (ID 50 ) of the parent and mutant strains were calculated by using the method of Reed and Muench (28) . The one-tailed Mann-Whitney test was used to determine the P value; a P value of Ͻ0.05 was considered significant.
Pathological evaluation. A murine model of ascending UTI was used to evaluate the uropathogenicity of each of the single mutants and the double mutant of P. mirabilis. The following doses were used to infect mice based on the ID 50 determined for each strain: each mouse received 5 ϫ 10 6 CFU of P. mirabilis HI4320 or the isogenic hpmA⍀kan strain or 5 ϫ 10 8 CFU of the pta⍀kan strain or the hpmA pta double mutant. One week after transurethral infection, mice were sacrificed, and for each mouse the bladder, one-half of the left kidney cut longitudinally, and one-half of the right kidney cut transversely were preserved in 10% formalin (pH 7.2), embedded in paraffin, sectioned, stained with hematoxylin and eosin, and examined microscopically. The investigator was blind to the identity of the bacterial strain or mutant construct. The severity of renal pathology was expressed as a semiquantitative score for kidney damage by using the following scores for the severity of peripelvic inflammation: 0, no inflammation; 1, multifocal clusters of neutrophils (polymorphonuclear cells [PMNs]); 2, PMNs surrounding all or most of the pelvis; and 3, intense neutrophilic inflammation extending into the peripelvic tissue. The extent of spread was scored as follows: 0, no spread; 1, PMNs confined to the peripelvic region; 2, PMN clusters detectable in the papilla or peripelvic cortex; and 3, widespread extension of PMNs into the cortex or outer medulla. The severity of cystitis was scored as follows: 0, no cystitis; 1, occasional submucosal inflammatory cell infiltrates; 2, widespread submucosal inflammatory cell infiltration with minimal spread to the muscularis or epithelium; and 3, widespread inflammation with dense perivascular cuffs, transmural distribution, and intraepithelial inflammatory cells. Bladder edema was scored as follows: 0, no edema; 1, detectable edema; and 2, widespread and severe edema.
Antigen preparation. For vaccination, both Pta and the alpha domain of Pta alone (Pta-␣) with a C-terminal six-histidine tag were individually overexpressed in E. coli BL21/plysS and purified as previously described (1) . To minimize the toxic effects of the protease, the recombinant proteins were constructed with an active-site serine mutation (S365A) and were designated Pta* and Pta-␣*. Purified Pta* and Pta-␣* were each covalently coupled to the mucosal adjuvant cholera toxin (CT) (Sigma Chemical Co.) at a ratio of 10:1. Covalent conjugation of CT with the purified antigen was accomplished using the heterobifunctional cleavable protein cross-linker N-succinimidyl-3-(2-pyridyldithio)propionate (Pierce Biotech) as instructed by the manufacturer.
Immunization and subsequent challenge of female CBA mice. Mice were immunized by intranasal administration of the antigen-adjuvant complex. Mice were divided into two groups (23 mice in each group) for each antigen administered. In each case the control group received CT alone, whereas the immunized group received Pta* plus CT or Pta-␣* plus CT. Immediately following immunization, mice were placed on their backs until they recovered from anesthesia. The immunization schedule was as follows. On day 1, a preimmune serum sample (collected by retro-orbital bleeding) and urine were collected from each mouse. Each mouse then received 50 g of Pta* or Pta-␣* covalently coupled with 5 g of CT in 20 l (total volume); 10 l of the antigen-adjuvant complex was administered into each nostril. On days 7 and 14, the mice received the first and second booster doses, respectively, which consisted of 25 g of Pta* or Pta-␣* covalently coupled with 5 g of CT. On day 21, postimmune serum and urine samples were collected from each mouse in both groups to determine antigen-specific antibody titers. Each mouse was then transurethrally challenged with 5 ϫ 10 7 CFU of P. mirabilis HI4320. On day 28, 1 week postinfection, mice were euthanized, and tissue homogenates (bladder, kidney, and spleen) were plated on LB agar plates (0.5 g/liter NaCl) to determine the number of CFU/g tissue. The lower limit of detection in this assay was 10 2 CFU/g tissue, and this value was assigned to samples with an undetectable level of colonization. Data were analyzed using the one-tailed Mann-Whitney test, and a P value of Ͻ0.05 was considered significant.
ELISA. An enzyme-linked immunosorbent assay (ELISA) was performed using 96-well plates (Costar high binding; catalog no. 9017). Each well was coated with 250 ng of antigen (Pta* or Pta-␣*) dissolved in 60 mM carbonate buffer. Twofold serial dilutions of serum or urine samples were individually prepared in blocking buffer (PBS containing 10% fetal bovine serum and 0.1% sodium azide) and added to the wells. Goat anti-mouse immunoglobulin G (IgG) or goat anti-mouse IgA, each conjugated with alkaline phosphatase, was used as the secondary antibody. The substrate p-nitrophenylphosphate was used to measure the alkaline phosphatase activity by determining the A 405 after a 60-min reaction. The data were expressed as direct A 405 values (16, 18) . All data were analyzed using Prism software (GraphPad Software, Inc.). Immunoglobulin response and bacterial load data were compared using the nonparametric Mann-Whitney tests; Spearman's rank correlation coefficient values were evaluated as previously described (15) .
Serum bactericidal assay. The bactericidal assay was performed as described previously by Hadi et al. (9) . Dilutions of postimmune serum (1:2 to 1:64) in sterile PBS were prepared and transferred into sterile 96-well tissue culture plates, and 50 l of a P. mirabilis suspension (containing approximately 10 4 CFU) was added to each well. The plates were covered and incubated for 120 min at 37°C. Aliquots (50 l) were plated onto agar plates at time zero and after 120 min of incubation to enumerate the CFU at each time point, and the lowest concentration of serum that lysed 50% of the bacterial cells was determined. Rabbit polyclonal anti-Pta serum (Cacalico Biologicals) and the preimmune sera were included in each plate as positive and negative controls, respectively. Other control wells contained bacteria with PBS-bovine serum albumen and bacteria with heat-inactivated postimmune sera (56°C, 30 min).
Serum neutralization assay. To determine whether the Pta-specific antiserum neutralized the activity of Pta, P. mirabilis HI4320 was cultured to mid-exponential phase in modified Luria broth (see above), and approximately 10 6 bacteria were incubated with 1:2 to 1:16 serial dilutions of each serum sample. After 3 h, a washed bacterial suspension in PBS was laid over a monolayer of bladder epithelial cells, and in each case the percentage of cell lysis was estimated using the quantitative LDH release assay as described above. The bladder cell lysis was expressed as a percentage of the maximal cell lysis obtained by treatment with Triton X-100, which was used as a positive control, and the values were normalized using the data for lysis by the pta mutant. Data for bladder cell lysis by P. mirabilis HI4320 (not incubated with serum) were used for comparison.
RT-PCR analysis of pta from clinical isolates of P. mirabilis. Eight randomly selected P. mirabilis strains obtained from cases of pyelonephritis or catheterassociated bacteriuria or fecal isolates were used to determine the prevalence of pta. The presence of this gene was first determined by PCR amplification using primers PtaINTF and PtaINTR (see above), which were designed to amplify an internal region of pta. This was done to avoid any amplification artifacts due to a nonhomologous DNA sequence in the intergenic region upstream and downstream of pta in various isolates. Each isolate was then individually cultured in Luria broth (pH 8.5) supplemented with 5% glycerol and 10 mM CaCl 2 to promote the expression of pta as described previously (1) . RNA was isolated from each culture, and cDNA was synthesized using a SuperScript first-strand synthesis kit (Invitrogen). Expression of pta was determined for each strain by RT-PCR using cDNA as the template and primers PtaINTF and PtaINTR. rpoA, encoding RNA polymerase A, was used as an expression control.
RESULTS
Cytotoxicity of HpmA and Pta. The hpmA gene was inactivated in P. mirabilis HI4320 as shown in Fig. 1A . An hpmA pta double mutant of P. mirabilis was also created using a similar approach. Inactivation of the genes in the constructs was confirmed by RT-PCR (Fig. 1B and C) .
The effect of inactivation of the two cytotoxin genes on the ability of P. mirabilis to lyse bladder epithelial cells in culture was determined by the LDH release assay. Inoculation of parent strain HI4320 resulted in lysis of approximately 65% of the bladder cells (Fig. 1D) . The percentage was significantly lower (P Ͻ 0.01) for cells inoculated with either the isogenic hpmA (35%) or pta (30%) mutant incubated for the same length of time. The decrease in cytotoxicity was more pronounced when bladder cells were overlaid with the hpmA pta double mutant. After 4 h of incubation only 25% of the bladder cells were lysed, as estimated by the extent of LDH release (Fig. 1D) . This value was significantly (P Ͻ 0.05) lower than the lysis value obtained with either of the single mutants and less than 50% of the value obtained with the wild-type strain. These results indicated that the activities of HpmA and Pta were independent of each other but additive in that together they contributed to cytotoxicity.
Mouse colonization assay and determination of ID 50 . To investigate the individual roles of HpmA and Pta in vivo, we compared the cytotoxicities of the mutants using a mouse model of Proteus UTI. The ID 50 of each of the strains was determined so that we could estimate the damage to the host tissue based on the same bacterial load.
Mice were independently challenged transurethrally with a range of doses, as described above, and the level of colonization obtained with each dose was determined by plating the tissue homogenates. Table 1 shows the median bacterial loads recovered from mice that received various doses of parent strain HI4320 or one of the mutant constructs. The ID 50 of each strain was calculated using quantitative counts obtained for kidney homogenates for mice sacrificed 1 week after challenge, as described by others (11, 28) . The ratios of the number of mice with kidney levels of Ͼ10 3 CFU/ml to the total number of mice challenged by inoculation were determined for a range of bacterial loads. The ID 50 of the parent strain and the isogenic hpmA mutant calculated from these ratios was 5 ϫ 10 6 CFU, whereas the ID 50 of the pta and hpmA pta mutants was 100-fold greater (5 ϫ 10 8 CFU), suggesting that Pta is an important virulence factor in P. mirabilis.
Histopathologic evaluation of mouse bladders and kidneys. To determine the effect of inactivation of either or both of the toxins on disease due to P. mirabilis, five groups of 6-week-old female CBA/J mice (six mice per group) were independently inoculated with P. mirabilis HI4320 or the pta, hpmA, or hpmA pta mutant by using a dose corresponding to the ID 50 , and the histopathology of the bladder and kidney was evaluated (Fig. 2 to 4) .
Colonization of the kidneys by P. mirabilis strain HI4320 was accompanied by neutrophilic interstitial nephritis centered on the peripelvic renal cortex and in some cases extending into and destroying the surrounding renal parenchyma (Fig. 2E and  F) compared to the results to uninfected mice ( Fig. 2C and D) . Similar pathology was observed for the hpmA mutant ( Fig. 2A  and B) , and in some cases bacterial colonies were present in the lesions (Fig. 2B) . The intensity and extent of inflammation in kidneys ranged from none to severe, and scores of 0 to 3 were obtained as described in Materials and Methods (Fig. 3) . The levels of severity and extents of kidney inflammation were similar in mice colonized by wild-type P. mirabilis and mice colonized by the hpmA mutant. However, in mice colonized by the pta mutant or the hpmA pta double mutant, both the severity and the extent of nephritis were significantly less (P Ͻ 0.05) than the severity and the extent of nephritis in mice colonized by the wild-type strain (Fig. 3) . Uninfected mice had no nephritis (Fig. 3) .
Cystitis in infected mice was characterized by transmural neutrophilic inflammation with epithelial transcytosis of neutrophils and marked submucosal edema ( Fig. 4A and B) . The intensity and extent of inflammation in the bladders ranged from none to severe, and scores of 0 to 3 were obtained as described in Materials and Methods. The hpmA pta double mutant caused significantly less inflammation than wild-type strain HI4320 (P Ͻ 0.01) (Fig. 4D) . Uninfected mice had no cystitis ( Fig. 4C and D) . Uncompromised urease activity in each of these infections was indicated by the presence of crystal deposits (i.e., stones) that were observed in the majority of the bladder cross sections (data not shown).
Protection against P. mirabilis challenge provided by vaccination with Pta. AT proteins have been used as effective vaccines against bacterial infections. The App proteins from Neisseria meningitidis, pertactin and BrkA from Bordetella pertussis, and Hap from Haemophilus influenzae are examples of ATs that have provided immune protection against subsequent challenge with the corresponding pathogens. Taking into account the immunogenic properties of Pta (27) and its role in colonization of the host, we asked whether vaccination of mice with Pta provides protection against subsequent challenge with P. mirabilis. CT, which was successfully used in our laboratory as an adjuvant for intranasal vaccination of mice with MrpH antigen (an adhesin of M/RP fimbria) (17) , was used as a mucosal adjuvant.
Vaccination with Pta* reduced the level of P. mirabilis infection in the bladder of mice (Fig. 5A) ; the median number of CFU/g was about 1 log 10 lower than the value for CT-immunized (naïve) mice, although the difference was not statistically significant (P ϭ 0.062). However, the protection in the kidney and spleen was significant (P Ͻ 0.01); the median values were log 10 6.3 and log 10 5.6 CFU/g tissue, respectively, for the naïve group of mice and log 10 3.5 and 3.0 CFU/g tissue, respectively, for immunized mice. Indeed, for 9 of 20 mice in the immunized group the bacterial counts were below the limit of detection, suggesting that there was robust protection of the upper urinary tract.
Since the passenger/alpha domain (Pta-␣) is the functional moiety of the AT and directly interacts with the host, we asked if vaccination with Pta-␣ alone protects mice from P. mirabilis infection. Two groups of mice (22 mice in each group) were intranasally vaccinated either with CT alone or with a Pta-␣*-CT conjugate. Pta-␣ provided protection similar to that observed with Pta*. Mice challenged with P. mirabilis following immunization and boosting had significantly lower (P Ͻ 0.01) bacterial loads in their kidneys and spleens than the naïve mice (Fig. 5B) . Thus, we concluded that the alpha/passenger domain alone can stimulate a strong immune response that significantly reduces colonization by P. mirabilis.
Correlates of protective immunity. Sera from mice immunized with Pta* or Pta-␣* were tested to determine their antibody responses. After immunization and boosting, the serum IgG titers (Fig. 6A ) and urine IgA titers (Fig. 6C ) for mice vaccinated with Pta*-CT or Pta-␣*-CT were significantly higher (P Ͻ 0.01) than the titers for sera and urine from the preimmune samples or from mice that received CT alone ( Fig.  6A and C) , suggesting that there was a strong immune response against the antigen. The immune response (serum IgG in Pta*-and Pta-␣*-immunized mice) also showed a significant inverse correlation (P ϭ 0.0024 and P ϭ 0.0325 for Pta*-and Pta-␣*-immunized mice, respectively) with the bacterial load (that is, when the antibody levels were low, the numbers of CFU were high, and when antibody levels were high, the numbers of CFU were low or bacteria were undetectable), as determined by Spearman's rank correlation coefficient values ( Fig. 6B and D) , suggesting that both the magnitude and the specificity of the antibody response were critical correlates of protection. The correlation varied from moderate for mice immunized with Pta-␣* (P ϭ 0.0559) to none with Pta* (P ϭ 0.954). There was no difference in the IgM titers for any group (data not shown), suggesting that there was efficient and complete class switching of immunoglobulins. Neutralization of Pta by anti-Pta sera. Since Pta* stimulated a strong antibody response and provided significant protection against P. mirabilis infection, we determined whether anti-Pta serum was bactericidal or neutralizing. The bactericidal activities of serial dilutions (1:2 to 1:32) of antisera obtained from different groups of mice were tested as described in Materials and Methods. No antiserum-based bacterial cell lysis was observed even when cells were incubated with the highest concentration (1:2) of the sera tested (data not shown), indicating that there was no direct anti-Pta serum-mediated bactericidal activity. However, for P. mirabilis HI4320 cells preincubated for 3 h with anti-Pta sera there was a significant decrease (P Ͻ 0.05) in the ability of the bacteria to lyse cultured bladder cells Immune protection from P. mirabilis challenge by vaccination with Pta* and Pta-␣*. Mice were vaccinated and boosted with CT-Pta* (A) or CT-Pta-␣* (B) as described in the text and were challenged intraurethrally on day 21 with 5 ϫ 10 7 CFU P. mirabilis HI4320. The numbers of P. mirabilis CFU in bladders, kidneys, and spleens of naïve mice (which received CT alone) and mice immunized with CT-Pta-␣* or CT-Pta* were determined 1 week after bacterial challenge. Each symbol indicates the log 10 CFU/g of tissue from an individual mouse. Samples in which colonization was undetectable were given a value of 2.1 log 10 CFU/g of tissue (the limit of detection). The bars indicate medians. P values were determined using the onetailed Mann-Whitney U test; a P value of Ͻ0.05 was considered significant.
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on October 16, 2017 by guest http://iai.asm.org/ compared to the cytotoxicity of the same strain that was not incubated with antisera or to the cytotoxicity of bacteria incubated with preimmune serum or sera from mice that received CT alone (Fig. 7) . Indeed, the residual cytotoxicity of P. mirabilis incubated with Pta-specific sera for bladder cells was only about 10% of the maximal cytotoxicity (lysis) observed (Fig. 7) . The lowest concentration of anti-Pta sera that reduced the bladder cell lysis (by P. mirabilis) by 50% was 1:8. These results indicated that anti-Pta sera not only recognized Pta on the homologous parent strain but also compromised the activity of the toxin. No significant reduction in the extent of bladder cell lysis was observed when bladder cells were incubated with P. mirabilis treated with the lower concentrations (1:16 and 1:32) of the same serum (Fig. 7) . These results suggest that the mode of protection against Proteus infection in the Pta*-vaccinated mice may involve antibody-based neutralization of Pta. Prevalence and expression of pta in P. mirabilis. The vaccination data suggested that Pta can be used as an effective candidate vaccine to protect against P. mirabilis infection. Since ATs are pathogen specific, we wanted to know whether Pta is present in pathogenic as well as commensal strains of P. mirabilis. Each strain was independently cultured, and the genomic DNA and cDNA were isolated. Amplification by PCR showed that pta was present in all fecal, catheter-associated, and pyelonephritis (data not shown) isolates tested (Fig. 8B) . Whereas pta was expressed in all the pyelonephritis (data not shown) and catheter-associated strains tested (Fig. 8A) , none of the fecal isolates showed any detectable transcript, as determined by RT-PCR (Fig. 8C) . This finding was in contrast to the data obtained for mrpH (encoding an adhesin of MR/P fimbria) (18) or the urease activities that were observed in all P. mirabilis isolates, suggesting that Pta is pathogen specific.
DISCUSSION
Complicated UTI caused by P. mirabilis are characterized by severe necrosis of the kidney and bladder epithelium, pelvic FIG. 6 . Correlation of IgG and IgA titers with protection. The antibody responses in mice to intranasal vaccination with CT-Pta*, with CT-Pta-␣*, or with CT alone were determined by an indirect ELISA. Serum IgG and urine IgA titers in pre-and postimmune sera and urine collected from each group of immunized and naïve mice were determined using a 1:512 dilution of serum or urine. Goat anti-rabbit IgA or IgG conjugated with alkaline phosphatase was used as the secondary antibody. The alkaline phosphatase activity was determined at A 405 60 min after addition of the substrate. The means and standard errors for serum IgG (A) and urine IgA (C) titers for eight mice (with each experiment performed in duplicate) are indicated. The bacterial load recovered from immunized mice 1 week after challenge was tested to determine correlations with Pta*-or Pta-␣*-specific serum IgG (B) and urine IgA (D) responses. Both the anti-Pta and anti-Pta-␣ serum IgG titers were inversely correlated with the bacterial load, whereas the inverse correlation was significant only for Pta-␣*-specific urine IgA and was not significant for Pta*. P values were calculated for correlation coefficients, and a P value of Ͻ0.05 was considered significant. Spearman's rank correlation coefficients (r) are indicated. The diagonal lines indicate linear regression.
FIG. 7.
Neutralization of Pta by anti-Pta sera. LDH release was used as a measure of bladder cell lysis after inoculation of P. mirabilis preincubated for 3 h with different dilutions of sera. The y axis indicates bladder cell lysis expressed as a percentage of the maximum lysis (after treatment with 2% [wt/vol] Triton X-100) normalized to the bladder cell lysis by the pta mutant. No antibody, strain HI4320 incubated with no serum; Naive, strain HI430 preincubated with sera collected from CT-immunized mice on day 21; Pre-immune, strain HI430 preincubated with sera collected from mice on day 1 prior to vaccination with Pta*; Anti-Pta, strain HI430 preincubated with sera collected on day 21 from mice immunized with Pta*. The one-tailed Mann-Whitney U test was used to determine P values. * , P Ͻ 0.05. inflammation, and stone formation in the bladder and kidney (23, 36, 37) . Hemolysin, urease, and Pta are the cytotoxins characterized so far in this uropathogen (1, 24, 38, 39) that have been implicated in this damage in the host. In this study, we demonstrated that inactivation of hpmA or pta alone or inactivation of both hpmA and pta significantly reduces the cytotoxicity of P. mirabilis with cultured bladder epithelial cells (Fig. 1D) . The effects of the mutations in vivo also exhibited this general trend. Using histopathological examination of the kidneys and bladders from mice inoculated with the mutant strains (hpmA or pta), we observed a moderate decrease in interstitial nephritis or the severity of cystitis. A significant decrease (P Ͻ 0.01) in pathology (compared to that of the parent strain), however, was observed only when both toxin genes were inactivated ( Fig. 3 and 4D ). Thus, we identified similar, yet independent, roles for the two toxins in P. mirabilis infection. This was in contrast to the activity of HlyA from a uropathogenic strain of E. coli; in this organism inactivation of hylA alone was directly associated with a decrease in the shedding of uroepithelium in a mouse model of UTI (31) . Nevertheless, we also observed a certain degree of residual pathology (necrosis of pelvic epithelium, cystitis, or interstitial nephritis) in mice inoculated with the hpmA pta double mutant ( Fig. 3  and 4D ) that could be attributed to other factors in Proteus, including urease. Urease, a urea-inducible, cytoplasmic metalloenzyme in P. mirabilis, is essential for the persistence of P. mirabilis in the urinary tract. This enzyme enables the bacterium to use urea as a source of nitrogen, which is required for DNA and protein synthesis. Ammonia released during urea hydrolysis directly causes tissue necrosis at the site of infection. In addition, the ammonium and bicarbonate ions formed alkalinize the urinary tract and initiate precipitation of otherwise soluble Ca 2ϩ and Mg 2ϩ salts present in the urine (11) . Prior to this report, urease was the only other protein with an established cytotoxic effect in vivo. Direct comparison of the pathology of the kidney and bladder in mice infected with a urease-negative strain of P. mirabilis with the pathology of the kidney and bladder in mice infected with the parent strain showed that there was a dramatic decrease in tissue necrosis and pelvic inflammation with the former strain (11) . In this study, we propose yet another indirect role of urease activity. Pta, unlike HpmA, is a calciumdependent, alkaline protease with a pH optimum of 8.5 to 9.0; these conditions are prevalent in a Proteus-infected urinary tract (1). Thus, Pta activity during infection is likely urease dependent. We hypothesize that the phenotype of a ureasenegative strain (ureC) of P. mirabilis (12) may be in part a consequence of both a reduction in the expression and a reduction in the enzymatic activity of Pta. Thus, under nonalkaline conditions a urease-negative strain indirectly behaves like a ureC pta mutant of P. mirabilis.
A set of efficacious candidate antigens must be identified in order to develop a vaccine against Proteus infections. Flagellin (FlaA/FlaB), MR/P fimbrial protein MrpH (17, 18) , recombinant Lactococcus lactis displaying Proteus fimbrial protein MrpA (30) , and outer membrane protein (22) of Proteus were all previously considered as candidate antigens for a vaccine. Limitations such as the phase variability of MR/P fimbriae (and thus MrpH) and recombination of FlaA with FlaB (25, 40) mean that these proteins must be used in combination with other stable antigens as part of a multivalent vaccine. Thus, an ideal vaccine candidate should be stably expressed during infection and should contribute to virulence. Hence, we compared the colonization efficiency of each of the single mutants (hpmA or pta) with that of the parent strain to determine the individual roles of the proteins in colonization and persistence of P. mirabilis in the host. We found no role for HpmA in colonization by the pathogen (that is, the bacterial burden) in the host (Table 1) , an observation consistent with that of Swihart and Welch (32) . On the other hand, inactivation of pta significantly decreased (P Ͻ 0.01) the viable counts recovered from the upper urinary tract of mice compared with the data obtained with the parent strain (Table 1) . Indeed, the ID 50 of the isogenic pta mutant was found to be 100-fold higher than that of the parent strain. Because Pta is not only a key cytotoxin in P. mirabilis but also a surface-exposed protein that is critical for establishing an infection in the host, this protein appeared to be a logical choice for testing as a vaccine candidate.
The attenuated form of Pta was used for vaccination of mice. Immune protection against infection by mucosal pathogens, such as P. mirabilis, also requires an effective mucosal adjuvant. CT, which was successfully used as a mucosal adjuvant previously in our laboratory, was also used here. This adjuvant was covalently coupled with the antigen (Pta* or Pta-␣*), a condition that promotes the critical interaction of CT with dendritic cells in the spleen and thus an effective immune response (7) . As expected, immunization with Pta*-CT or Pta-␣*-CT provided significant protection against Proteus UTI, especially in the upper urinary tract (Fig. 5) . This protection correlated strongly with the serum IgG response elicited by immunization (Fig. 6C) , but it correlated only weakly with the urine IgA   FIG. 8 . Prevalence of Pta in P. mirabilis isolates. Eight catheterassociated strains (C1 to C8) and eight fecal isolates (F1 to F8) were independently cultured to mid-exponential phase in LB (pH 8.5) supplemented with 10 mM CaCl 2 and 5% glycerol. (A) Expression of pta in catheter-associated strains was determined by RT-PCR using ptaspecific primers; cDNA obtained from each strain was used as a template. (B) Prevalence of pta in the genomes of fecal isolates as determined by PCR of genomic DNA. (C) Expression of pta in the strains as determined by RT-PCR using cDNA obtained from each isolate and pta-specific primers. rpoA, encoding RNA polymerase A, was used as an expression control. cDNA from strain HI4320 was used as the reference. Lane G, genomic DNA from strain HI4320 used as a template; lanes Ϫ, no RT added; lanes ϩ, RT added. Sizes (in kb) are indicated on the right. response. We attribute the difference to the possible localized expression of Pta in the urinary tract. Both the mutant analysis study and the immune protection study showed that a lack of Pta or possible neutralization of Pta by serum does not significantly affect the colonization by the pathogen in the bladder, suggesting that the role of this protein in the lower urinary tract is insignificant. Hence, even though the urine IgA titer was higher in Pta*-vaccinated mice than in CT-immunized mice, the protection was not significant in the bladder, due to only basal levels of Pta expression on the surface of P. mirabilis in bladder. Hence, we propose that protection against P. mirabilis in Pta*-immunized mice may be due to serum IgG-mediated neutralization of Pta in the upper urinary tract of mice. Previous studies in our laboratory have shown that unlike infection with uropathogenic E. coli, where the antibody titer from a previous infection correlates with the short resolution time of a secondary infection (10), primary infection with P. mirabilis or immunization of naïve mice with sera obtained from immunized mice does not confer passive protection against P. mirabilis infection (19) . Hence, passive protection with Pta-specific sera was not tested in this study. ATs such as Pta are considered pathogen-specific proteins produced by gram-negative bacteria, and few of them (BrkA, Hap, and VacA) are required for virulence (20, 21, 29) . Consistent with these observations, we showed that Pta was a pathogen-specific protein in P. mirabilis (Fig. 8) . The reasons for a lack of pta expression in the fecal isolates were, however, not clear, but this finding provided a strong basis for use of this antigen as a vaccine against pathogenic strains of P. mirabilis; that is, commensal strains of P. mirabilis would not be affected by a Pta vaccine. This observation also suggested that strains of P. mirabilis may not be as homogeneous as once thought as genetic variation is possible, especially when pathogen-specific factors (such as ATs) are considered.
In conclusion, we established the roles of two different cytotoxins, hemolysin and proteus toxic agglutinin, in the pathogenesis of P. mirabilis. To our knowledge, this is also the first report that describes a systematic evaluation of HpmA in vivo and also provides insight into factors other than urease that contribute to host tissue damage. Identification of Pta as an effective antigen is a promising step toward our long-term goal of developing a vaccine against complicated UTIs caused by P. mirabilis. However, further investigation to identify an appropriate adjuvant for use in humans, as well as an effective antigen delivery system, is required.
